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The introduction of more than one monomer in emulsion polymerization systems is becoming more and more important in the manufacturing of emulsion polymers. This is simply a result of the recognition that a combination of several monomers in a polymer can result in a wide variety of properties. In quite a lot of cases these properties are superior to the ones obtained by homopolymerizing the single monomers. To make a better polymer by copolymerization one should be able to control the consumption rates of each monomer, i.e., one should be able to control composition drift, as this phenomenon often leads to inferior products. One of the prerequisites for controlling composition drift is knowledge about the thermodynamic partitioning of each monomer between the phases that constitute an emulsion polymerization system (polymer, aqueous, and monomer phases). It is the thermodynamic partitioning that governs the concentration of each of the monomers in the polymer phase, where most of the polymerization takes place. In this article we present the full equations that describe the partitioning of any number of monomers during intervals 2 and 3 in emulsion polymerization. The equations are based on simplifications to the original Flory-Huggins lattice model and Morton's equation. We will give results of experiments with three monomers that confirm the validity of the derived equations.
THEORY
In the first section we will summarize the work of other investigators and briefly discuss the more recent work of Maxwell et a1.lS2 and Noel et aL3 who dealt with the partitioning in emulsion systems with one or two monomers. In the second section we will 2311 derive equations that describe the partitioning of any number of monomers in an emulsion system.
Partitioning with One and Two Monomers
Several researchers have tried to model monomer partitioning. Morton, Kaizerman, and Altier, using the Flory-Huggins expression for the free energy of m i~i n g ,~-~ derived an expression for the saturation swelling of polymer particles by one monomer [ eq. (111:
Mip is the partial molar free energy of the monomer in the polymer phase. The first two terms denote the contribution of the combinatorial entropy of mixing (denoted configurational entropy by Flory) , the third the heat of mixing and any contributions to the entropy of mixing arising from specific interactions (standard state entropy change) . 7 This term will be referred to as residual free energy of mixing. The fourth term represents the surface free energy. The volume fraction of polymer in the polymer phase is up, M , is the number-average degree of polymerization of the polymer (usually very large), x the Flory-Huggins interaction parameter, Vi the molar volume of the monomer, y the interfacial tension between particle phase and aqueous phase, and r is the radius of the particle. This equation will hereafter be referred to as Morton equation, as is customary in literature. Vanzo, Marchessault, and Stannet' took into account the aqueous phase to describe partial swelling, as was later done by Gardon,g setting the left-hand side of eq. (1) equal to In ( Caq/ the partial molar free energy of the monomer in the aqueous phase (C,, is the concentration of monomer in the aqueous phase, and C,,,. is the saturation concentration in the aqueous phase). The result is the so-called Vanzo equation. Ugelstad et a1.l' extended the Morton equation to be able to describe the monomer partitioning with more than one monomer.
Maxwell et a1.l made some assumptions in the Vanzo equation that led to major simplifications [ eq.
( 2 ) 1. The results of these assumptions for the one monomer system are that the partial swelling, especially at higher volume fractions of polymer, can be described by combinatorial entropy of mixing only, i.e., the first two terms on the left-hand side of eq. ( 1 ) , taking all other terms as a constant correction term [ corr. in eq. ( 2 ) ] that can be calculated from the saturation value of the monomer concentration in the polymer phase. And this parameter is readily accessible from experiment.
In a second article Maxwell et a1.2 worked on the partitioning in a two-monomer system, using the extended equation by Ugelstad et a1.l' as an expression for the partial molar free energy of monomer i in the polymer phase [ eq. (3a)l. For the partial molar free energy of monomer i in the droplet phase they also used an expression based on the FloryHuggins lattice theory [ eq. (3b) ] (neglecting the surface free energy term because of the relatively high droplet radii), assuming this can be used to describe the mixing of two low molecular weight components, and for the aqueous phase they applied the right-hand side of the Vanzo equation [ eq. (3c) 3.
uip, uid are the volume fractions of monomer i in the polymer and droplet phase, mu is the ratio of the molar volumes of monomers i and j , x i j is the FloryHuggins interaction parameter between monomers i and j , xip is the interaction parameter between monomer i and polymer, Ci, is the concentration of monomer i in the aqueous phase and Ciaq,s,h its saturation value if there are no other monomers present. Maxwell et a1.' discussed the difficulties that are inherent with the use of these equations. They made an attempt to simplify these equations in a similar way as they did with the one-monomer system. ' Noel et al.3 used the same equations and simplifications to derive simple equations for the partial swelling with two monomers. We will briefly go through these simplifications:
1. mij and its equivalents were set equal to 1, because the differences in molar volumes for many monomers are small. The ratio of the molar volume of monomer i and the molar volume of polymer, mip, and its equivalents were set equal to zero, because the molecular weight of the polymer is much larger than that of the monomers. 2. The contributions of the residual free energy of mixing to the partial molar free energy of mixing two monomers in the monomer or droplet phase, i.e., the third term on the righthand side of eq. (3b), are negligible compared to all other terms. 3. For the contributions of the residual free energy of mixing to the partial molar free energy of mixing the monomers with the polymer in the particles one can assume the interaction parameters for monomer with polymer to be equal for each monomer. The contribution of the residual free energy of mixing to the mixing of the two monomers in the particles, represented by XQ, then can be assumed to be negligible, as with the mixing of the monomers by themselves in the droplet phase.
Applying these assumptions to eqs. (3a), (3b) and (3c) and their equivalents for monomer j and rearranging (for a more detailed treatment see Refs. 
The correction factor is assumed to depend only on the monomer mole ratio in the particles, whether at saturation or not, i.e., the value of corri is independent of up or degree of unsaturation.
Maxwell are pursued, i.e., if the full equations (3a-c) are applied.
Multimonomer Partitioning with Moderately Water-Soluble Monomers
The foregoing section dealt with the partitioning of one or two monomers. In the following we shall extend the work of Maxwell et al.lT2 and Noel et aL3 to obtain equations valid for any number of monomers, n. In deriving these equations we shall see that the simplifications made by Maxwell et al. to the Morton equation for systems with one monomer and to the extended equations of Ugelstad for systems with two monomers, can be applied equally well to systems with three or more monomers. This follows from the fact that the assumptions, made by Maxwell et al., leading to rather simple equations describing partial and saturation swelling, 1-3 can be extended to systems with three monomers or more without any further assumptions.
We shall adopt eqs. (6a-c) as the basic equations that are valid for the systems at hand:
In these equations we let i , j , and k be 1, 2, . . . , n -1, n. The number of monomers (or more generally low molecular weight compounds) is n, whilep represents the polymer in the latex particles. Eq. (6a) was derived from the equation developed by Ugelstad et a1.l' taking into account the following: We assumed that the molar volumes of the monomers are comparable, so that we can set mi for each pair equal to 1 [assumption ( 1 ) , see above]. We replaced Vi by V, the molar volume of a monomer. It is also justified to set mip for each monomer equal to 0, since the molecular weights of the polymers are much larger than those of the monomers. Furthermore, the interaction parameters xip with polymer were taken to be similar for all the monomers [assumption ( 3 ) , see above].
If the interaction parameters for monomer with polymer are the same for each monomer, then it should be equally valid to set the interactions for each pair of monomers, represented by Xij etc., equal. In the following all Xij etc. are therefore replaced by x. We denote this by assumption (3a). Equation (6b): It was recently shown experimentally14 that for 0.5 < mc < 2, eq. (6b) (which is very simple in use) can replace eq. (3b) (or rather its equivalent for n monomers). Since we assume that mij = 1 in this article, we can use fa and uid interchangeably.
Equation ( where pi is defined as the activity coefficient of monomer i , valid at Cia,, / 3! is defined as the activity coefficient at some standard state, and Cya, is the concentration at that standard state. The standard state can be defined as the saturated state. However, for concentrations of only a few molar or less, this expression reduces to eq. (3c). We will therefore continue to use eq. (6c) rather than (6c').
Let us consider the monomers x and y, where x and y can be anything between 1 and n. We subtract eq. (6a) for monomer x from its equivalent for monomer y:
and eq. (6b) for monomer x from its equivalent €or monomer y and eq. (6c) for monomer x from its equivalent for monomer y Cxaq -) Cyaqsh (7c)
RT

Rearranging eq. (7a) leads to the following:
This subtraction can be performed with any combination of monomers 1 to n. It is important to realize this, since this fact will be used in the following considerations leading to the same type of equations as those derived by Noel et al. Therefore, the considerations in the next section apply to any monomer.
Saturation Swelling with n Monomers
Under saturated conditions the following equation holds:
Eqs. (6b) and (6c) with the right-hand equality of eq. (9) give for monomer x:
In this equation c denotes the saturation value of the pertaining quantity at that particular composition c of the monomer mixture in the particle or droplet phase. Noel et al. used r to denote this ( r stands for ratio in their work), but since we are deriving equations applicable to more than two monomers, it may be simpler to use c instead, c standing for composition. c represents a particular set of mole fractions in particles and/or droplets: c = { f l , f 2 , . . . , f n } . Since eq. ( 10) was derived from eqs. (6b) and (6c), this equation must hold for any monomer.
Combining eqs. (7b) and (8) Because this applies to any pair of monomers, the following holds also, if we take assumption ( 
This is an important result, because it means that the polymer in the particles has no influence on the mixing of the low molecular weight components, simply because only the combinatorial entropy of mixing is important. Equation (13a) applies to any component. The work of Maxwell et a1.2 and Noel et al. 3 clearly showed that eq. (13a) is valid for two monomers. Since we made the same assumptions as they did, we expect the equation to hold for systems with more than two monomers, since it was derived from the same type of equations, but referring to any number of monomers. As was pointed out by Noel et al., the sensitivity analysis performed by Maxwell et a1.,13 showed that the equation can be used, even if not all assumptions hold.
If we can assume that the total monomer concentration in the particles is linearly dependent on the fractions of the monomers in the droplets or particles,2 we get the following expression for the total monomer concentration, CP,.: Note that is not only dependent on the mole fraction of x , but also on the value of the fractions of all other components ( { f i , . . . , f n } ) . Cx.,c is only dependent on the mole fraction of x, and independent of the other fractions. This reflects the basic difference between the thermodynamical behavior of the aqueous phase and the monomer and polymer phases. The aqueous phase is so dilute that the monomers do not influence each other [which is why eq. (6c') reduces to eq. (612) ] ; in the monomer and polymer phases, the monomer concentrations are so high that they strongly influence each other. The latter can be simply illustrated by the following example. With eqs. (13b-c) it can easily be shown that the addition of monomer y (under saturated conditions) to the particles that already contain monomer x , can increase the concentration of monomer x to a value greater than Cxp,s,h if the ratio c x p , s , h / cy,,s,h is smaller than 0.5, and inequality (13e) holds: This is shown in Figure 1 . In the aqueous phase the addition of another monomer always decreases the concentration of the first monomer. Equations ( 10) and (13a-d) are very simple to use and characterize the saturated system completely.
Partial Swelling with n Monomers
For partial swelling (interval 3 in emulsion polymerization, when no monomer droplets are present ) we have:
RT RT
Combining this with eqs. ( 7c) and (8) applying assumption ( 3 ) we find for monomer x:
From this we get:
With eq. (13d) this leads to:
This means that the concentrations of all monomers in the aqueous phase in interval 3 will be .. The following monomers were used in our experiments: styrene, methyl acrylate, and methyl methacrylate, all p.a., Merck (Germany). If these monomers were applied in partitioning experiments, they were used as received. Hydroquinone (Merck) was added to prevent polymerization. If polymerizations were carried out with these monomers (i.e., for seed latices), they were firstly distilled to remove inhibitor by vacuum distillation (and stored at 4OC 
Monomer Partitioning and Phase Separation Experiments
For these experiments we mixed a seed latex with a monomer mixture and added extra water. This was then left to stand for 24 h without agitation, to prevent possible coagulation. Part of this mixture was subsequently transferred to tubes, which were put in an ultracentrifuge. For the experiments with the PMA latex a Centrikon T-2060 was used at 45,000 rpm for 1-2 h. When the PS latex was used the ultracentrifuge was a SorvalP OTD-65, at 50,000 rpm for 5 h. The temperature during centrifugation could be controlled. Separation occurred and representative samples of each phase were then analyzed with gas chromatography (GC) Carlo Erba GC 6000 VEGA Series 2 using 2-propanol, iso-butyl methacrylate, and toluene as internal standards or a Hewlett-Packard 5890 with butyl acrylate as an internal standard. It appeared to be difficult to take representative samples of the aqueous phase in interval 2 (with monomer droplets present). After centrifuging the tubes, the monomer phase was situated on top, the aqueous phase was in the middle part, and the swollen polymer phase was found on the bottom of the tube. (In case of S and PS the polymer phase was situated between the monomer phase and the aqueous phase.) To take a sample of the aqueous phase, a needle had to be inserted through the droplet phase, so care had to be taken to avoid pollution with monomer droplets. A sample of the polymer phase could not be taken without the inclusion of some remains of the aqueous phase. Additionally, it appeared that the swollen polymer phase still contained some "interstitial" aqueous phase, i.e., it was not possible to completely separate the aqueous phase from the particle phase, possibly because the particles retain their round shape during ultracentrifugation. This problem was overcome by drying part of the polymer phase (with included water) to determine the solid content. This was used to correct for the amount of water in the sample of polymer phase that was analyzed with GC. However, this means that if there is an equilibrium amount of water present in the particles, this cannot be measured, and it is treated similarly as the water that ends up in the particle phase as a result of the separation method. After determination of the amount of water in the sample, this was excluded from the calculations of monomer concentrations, and by assuming that this amount of water contained the same amounts of monomer as the aqueous phase, we also corrected for an extra amount of monomers in the particles. This amount is usually very small, because of the relatively low concentrations of the monomers in the aqueous phase. 
RESULTS AND DISCUSSION
The monomer system we investigated to check the This section is divided into two parts: swelling with two monomers and swelling with three monomers.
Swelling with Two Monomers validity of the various assumptions made in the theory section for the n monomer systems is styrene ( S ) -methyl acrylate (MA) -methyl methacrylate ( MMA) (these are all low to moderately water-soluble monomers). All experiments were done at 2OOC. We checked whether the simplified equations also applied to the S-MMA system and the MA-MMA system on a PMA latex, which were also used in the three monomer swelling experiments. This is shown in Figures 2-4 one cannot distinguish between the simplified equations and the full equations, and that application of eq. (13a) is appropriate even in the case where the assumptions do not hold. Figures 3 ( a ) and 3 ( b ) show that also eqs. (13b) and (13c) hold. Thus the assumption that the total monomer concentration is a linear function of the mole fraction in the particles is valid. By fitting the data for Cp,s with a linear line in Figures 3 ( a ) and 3 ( b ) we found the values for the saturation concentrations of all monomers in the particles of the PMA seed we used (Table I) . For comparison we also indicated the values that were found by other investigators: Van Doremaele et al., l5 Nomura et al., l1 and Aerdts et a1.12 Although it is not strictly possible to compare these values, since the polymers in the seeds and the applied temperatures are different and the surface properties will most likely be different as well, it is still possible to discern rough trends. For instance, one could argue that with decreasing polarity of the monomer (going from MA to S ) the swellability also decreases.
However, there is no such trend for the polarity of the seed polymer, i.e., with decreasing polymer polarity ( going from PMA to PS ) the swellability with a certain monomer does not change regularly. This might be explained by the fact that at saturation the volume fraction of polymer in the particles is lower than the volume fraction of the monomer and therefore the type of monomer has a larger influence than the type of polymer. Typical values for the volume fraction of polymer are: 0.37 for S in PS and 0.24 for MA in PMA. Furthermore, the comparison tells us that the relative low value we found for S in PMA as predicted by eq. (13d). We ommited the concentrations of S in the aqueous phase, although they were measured. They were found to be very low, as expected from the saturation concentration of S in the aqueous phase, but the reproducibility was not very good because of the low values. The accordance between theory and experiment indicates that the mixing of these monomers with the polymer in the particles is mainly determined by the combinatorial entropy of mixing. It is now firmly established that all assumptions made in this work and in that of Maxwell et al. and Noel et al. are valid the most common monomers in emulsion polymerization.
Swelling with Three Monomers
Saturation Swelling
We tested eq. (13a) for the three monomer system S-MMA-MA on the S latex. The results are shown in Figure 5 , where we plotted the mole fraction of each monomer in the particle phase versus its mole fraction in the droplet phase, and it can be seen that there is good accordance between experiment and theory, as was the case for the two monomer systems with these monomers. For the same monomer system we measured the saturation concentrations in the aqueous phase as a function of the mole fractions in the particles as a test for eq. ( 13d). This is shown in Figure 6 . We omitted the concentrations of S for the same reasons as with the two monomer system S-MMA. 
Partial Swelling
We did several experiments in interval 3 with S, MA, and MMA on both the PMA seed and the PS seed. The results are shown in Figures 7 and 8 . In Figure 7 we depicted the ratio of the concentration of MMA in the aqueous phase and its saturation concentration at composition c versus the ratio of However, in practice one needs to know the absolute values of the concentrations in both phases, for instance to model emulsion copolymerizations, or to calculate concentrations from mass balances. Equation ( a constant that is dependent only on the composition of the monomer mixture in the particles worked very well for the monomers VAc and MA on a VAc-MAcopolymer seed. In the theory section we derived equations that are based on this concept [ eqs. ( 17c) and ( 17d)l.
To check whether these equations can be used in the case of partially swelling a PS seed with S, MMA, and MA we did the following calculations: From experimental data we calculated directly the composition of the monomer mixture ( c ) in the particles, the volume fraction of polymer in the particles, and the concentrations of the monomers in the aqueous phase. With this information it is possible to calculate the correction terms for both MA and MMA with eq. ( 17d) (since the concentrations of S in the aqueous phase are very low, we did not check it for S ) . It is then possible to calculate the absolute values of the volume fractions of MMA and MA in the particle phase with eq. (17c). These volume fractions are then compared with the measured values. This comparison is displayed in Figure 8 . Because we needed the values for Cjp,,,, for each monomer in the PS latex, we determined these in a separate experiment. If eqs. (17c) and (17d) are correct, the measured volume fractions should coincide with the calculated values (and lie on the diagonal). The accordance between calculated and experimental Values is quite satisfactory at low volume fractions. Since the calculations are in fact very sensitive to experimental errors (the accuracy of determining the weight fraction of polymer in these experiments was low) the data cannot support nor invalidate the assumptions leading to eqs. ( 17c) and (17d). Note that this does not invalidate the conclusion that the combinatorial entropy of mixing is the most important contribution to the free energy of mixing.
Restrictions to the Assumptions
The assumptions made in this and other works 1-3~12 seem to be valid for monomers with moderate water solubility [including methyl methacrylate (MMA) , vinyl acetate ( VAc) , and methyl acrylate (MA) 3]. However, they have not yet been shown to hold for monomers with a higher water solubility than that of MA (ca. 0.6 M ) . Indeed one can expect that the assumption X i p = X j p no longer holds if one of the monomers has a high polarity, e.g., as is the case with very water-soluble monomers or monomers that are completely miscible in water like 2-hydroxyethyl methacrylate, since the interaction of the monomers with the polymers might not be similar enough for that equality to hold. The same goes for the assumption that X g is small. In other words, there might be systems where enthalpy effects and entropy effects arising from specific interactions are not negligible compared with the combinatorial entropy of mixing as opposed to the systems that were checked by Maxwell et al. and Noel et al. It might be reasonable to take the solubility in water as a rough indication of the validity of the assumptions, since the water solubility is inter alia influenced by the polarity of the monomer.
A further assumption is that the chemical potential in the water phase can be described by In (ai ) = In ( C i a q / C i a q , s , h ) . If the concentrations of the monomers in the water phase are low, i.e., if the mole fractions are close to 0, the activity coefficients are close to 1, and the equation holds. This is equivalent to saying that the monomers have to have a low to moderate water solubility. With higher concentrations, as inevitably occurs with monomers that are miscible in water, deviations start to occur and the equation no longer holds and eq. (6c') has to be applied.
Note that the monomers have to have a low to moderate solubility in water, but the equations pertaining to the polymer phase only hold if the monomers are solvents for the polymers as was explicitly stated by F10ry.~ This is, for instance, not the case with acrylonitrile that is not a solvent for its polymer and therefore does not swell it. However, this means that systems where there is a considerable amount of water imbibed in the particles, cannot be described by these theories, if water is not a solvent for the polymer, which is normally true because it is the actual basis for the existence of polymer latex particles in water. One could argue that in systems where water plays a significant role in the polymer particles, enthalpic interactions are so strong that they cannot be neglected. The assumptions regarding the x terms in the theoretical development discussed in the foregoing, are thus not valid. It should, therefore, be realized that in cases where polar, functional monomers are used in high concentrations, the theory probably does not hold.
It is known that water dissolves to a limited extent in both polymers and monomers. 16 The good accordance that was found between theory and experiment in the articles discussed in the f o r e g~i n g ' -~,~~ shows that a small amount of water in the particles does not seriously invalidate the theory. In practice, all the water that is found in the particles can be assumed to be part of the aqueous phase, rather than the polymer phase. In conclusion, if water is present only in limited amounts in the particles, it can be shown on both experimental and theoretical grounds (Flory7) that the water should not be treated according to the Flory-Huggins theory, as was done by Tseng et a1. 16 Ugelstad et a1.l' considered water in the particles in the same way, but noted that the use of the Flory-Huggins equation in this case seems to be open to doubt.
CONCLUSIONS
The experimental results that are presented show that all assumptions made in this work are valid for the systems investigated experimentally. Monomer partitioning with three monomers in intervals 2 and 3 can be described very well with the simplified equations. It was shown that there are no additional assumptions to be made compared with the two monomer systems. This also indicates that the same equations also hold for systems with more than three monomers. Up until now it has been shown that systems with the monomers most commonly used in emulsion polymerization (styrene, methyl methacrylate, methyl acrylate, butyl acrylate, and vinyl acetate) comply very well to the various conditions set out in the assumptions made in the present and previous articles.
